This paper presents results of preliminary work done on developing a new technique to produce magnetically aligned structure in selected regions of rapidly solidified alloys. Rapid solidification of the Bi-20 at%Mn alloy resulted in dispersion of the fine BiMn grains in the supersaturated Bi-rich matrix. Low magnetization could be achieved in the rapidly solidified specimen, as compared to the equilibrium condition. The rapidly solidified specimen when further subjected to the semi-solid processing under a magnetic filed of 4 T achieved the alignment of the BiMn grains due to the magnetic anisotropy and consequently exhibited a hysterisis loop in the magnetization curve. The semisolid casting by laser melting of the rapidly solidified structure under a magnetic field of 10 T achieved the BiMn alignment in a small selected region (10 mm in diameter). The experimental results pointed out the potential of the semi-solid casting by the laser melting under a magnetic filed to fabricate the aligned structure in the desired region.
Introduction
Recently, application of a high magnetic field of the order of several tesla has been widely used to improve material properties during materials processing such as solidification, electro-deposition, vapor-deposition, and solid state transformation. 1) One of the attractive benefits of application of the high magnetic field is development of the aligned or textured structure. Even for paramagnetic and diamagnetic materials, the alignment can be obtained if the magnetic anisotropy energy is sufficiently large in comparison with the thermal energy, kT. For example, the textured structure due to anisotropy of the magnetic susceptibilities was achieved in the YBCO superconductor through solidification.
2) The study 2) proved that the aligned structure could be produced in-situ during solidification under a magnetic field.
The magnetically textured structures of the Bi-Mn alloys were produced by remelting the rapidly solidified specimens 3) and by annealing the rapidly solidified specimens 4) under a magnetic filed up to 10 T. Since BiMn compound exhibits large magnetic anisotropy energy, 5) the BiMn grains in the liquid phase easily rotates in a favorable direction and coarsening in the solid phase can be controlled by not only the interfacial energy but also the magnetic anisotropy.
6) The semi-solid state produced by using the rapidly solidified specimens as a starting material is attractive to develop a new casting process. The previous studies suggested that the aligned structure could be produced in a desired region if the melted region is controlled by the laser irradiation. It means that the semi-solid casting can be applied to fabrication of the micromagnetic devices.
The micromagnetic devices have been proposed for microelectromechanical systems (MEMS). For example, mm-size motor was fabricated by using Nd-Fe-B thin film magnet. [7] [8] [9] Micro fluid control system was proposed using the magnetohydrodynamics. 10) A capillary magnetophoretic device was also proposed, in which the high magnetic field gradient is required in a small gap.
11) Thus, it is of interest to examine the feasibility of the semi-solid casting in the Bi-Mn system from a viewpoint of micromagnetic device fabrication.
In the previous studies, 3, 4) the alignment of BiMn grains was examined for Bi-Mn alloys. However, magnetic properties were not taken into account for the aligned specimen produced by the semi-solid processing. First, this paper presents the magnetic properties of the rapidly solidified specimen and the aligned structures obtained by the semisolid casting. For comparison, the specimen produced by the conventional solidification was also examined. Next, casting process by using laser irradiation under a magnetic filed is presented.
Experiments

Casting of the compacts
Rapidly solidified particles with compositions of Bi-20 at%Mn were produced by a rotating-water-atomization technique. 12) Compacts made of the rapidly solidified particles were prepared using cold press under a pressure of 300 MPa. Dimension of the compacts was 6-8 mm in diameter and 5-10 mm in length. The specimens were sealed in SiO 2 tube under Ar gas. Two different solidification procedures were performed as shown in Fig. 1 . In semi-solid casting (A in Fig. 1 ), the specimens were heated up to 573 K at a give heating rate of 0.1 K/s, and then were cooled at a cooling rate of 0.1 K/s. The temperature of 573 K is above the Bi-BiMn eutectic temperature but below the liquidus temperature at 20 at%Mn. Thus, the solidification occurs in the semi-solid state. In conventional casting (B in Fig. 1 ), the specimens were completely melted at 753 K and were cooled at a cooling rate of 0.1 K/s. Magnetization curves were measured by VSM and observation of the microstructure was done using a SEM and an optical microscope. Figure 2 shows an experimental apparatus for laser irradiation under the magnetic field. The static magnetic field was imposed by a cryogen-free superconducting magnet (Bore diameter: 100 mm, maximum intensity of the magnetic field: 10 T). The specimen was placed at the maximum position of the magnetic field. Ar gas was inserted into the specimen chamber to avoid oxidation. Position of the specimen was adjusted to focus the laser beam on the specimen surface by the z stage. Direction of the magnetic field was perpendicular to the irradiated surface.
Casting by laser irradiation
LD laser (wave length: 920 nm, maximum power: 100 W) or LD laser (wave length: 834 nm, maximum power: 1 W) was used for the irradiation through an optical fiber. The irradiated region on the specimen surface was approximately 1 mm in diameter for the 100 W LD laser and 10 mm in diameter for the 1 W LD laser, respectively. The optical system was put on the x and y stages to adjust the irradiation position. A CCD camera attached to the optical system monitored the irradiation region and was used to adjust the focus.
Compacts from the rapidly solidified Bi-20 at%Mn particles was prepared using cold press under a pressure of 350 MPa prepared. The compacts were 7 mm in diameter and 2 mm in thickness. Surface of the compacts was polished using 1 mm Al 2 O 3 powders prior to the laser irradiation. The surface was rough polished after the irradiation to observe microstructure and leakage magnetic flux. The leakage magnetic flux at the surface was detected by a magnetic force microscopy (MFM) without an external magnetic field.
It should be noted that the irradiation time to melt the specimen was very sensitive to surface conditions, microstructure such as grain size at the irradiated region and the location of the laser beam in the grain surface. Thus, the laser irradiation for different irradiation conditions was performed for each specimen. (a) (b) (c) Fig. 3 Microstructures of (a) the rapidly solidified Bi-20 at%Mn alloy, (b) the solidified structure from melt (procedure B of Fig. 1 ) and (c) the solidified structure from the semi-solid state (procedure A of Fig. 1 ).
Alignment of BiMn
solidified Bi-20 at%Mn alloy. The BiMn grains (black) were uniformly distributed in the Bi matrix (white). Radii of the BiMn grains were less than 1 mm. As shown in Fig. 4(b) , low magnetization was observed in the rapidly solidified Bi-20 at%Mn alloy. Figure 3(b) shows the solidified structure when the specimens were completely melted and then solidified at a cooling rate of 0.1 K/s (B in Fig. 1 ). Imposed magnetic field during the solidification was 4 T. Coarse BiMn grains were distributed in the Bi matrix and some of the BiMn grains were more than 500 mm in length. Magnetization curve of the specimen solidified from melt is shown in Fig. 4(a) . ''Parallel'' and ''perpendicular'' indicate directions of the magnetic field imposed for the magnetization measurement with respect to the magnetic field imposed during the solidification. Saturation magnetization increased after the solidification, as compared to the magnetization of the rapidly solidified alloy. Furthermore, a significant anisotropy in the ''parallel'' and the ''perpendicular'' magnetization curves indicated that c-axes of BiMn grains (easy magnetization direction) aligned with the direction of the magnetic field. Small coercive force was observed because of the coarse grain size of the BiMn compound. Thus, the alignment was achieved, but the favorable property for the micromagnets was not obtained by the above solidification procedure. Figure 3 (c) shows the microstructure in the specimen solidified from the semi-solid state (A in Fig. 1 ). BiMn grains were distributed in the Bi matrix and the grain size was approximately 100 mm in length and 20 mm in width. Major axes of the BiMn grains tended to align with the direction of the imposed magnetic field. Figure 4(b) shows the magnetization curves when the external magnetic field was imposed parallel to the direction of the magnetic field imposed during the solidification for the specimens produced by the semisolid casting procedure (A in Fig. 1 ). The semi-solid casting procedure increased the saturation magnetization, but it was still slightly smaller than that of the specimen produced by the conventional casting (B in Fig. 1) . The large hysterisis loops were seen in the magnetization curves and the coercive forces became larger in comparison with the specimen produced by the conventional casting. The saturation magnetization increased, as the holding time at 573 K increased.
Semi-solid casting procedure by laser melting
It is worth that the semi-solid casting procedures in which the rapidly solidified alloy was used as the starting material have some advantages. The magnetization can be significantly increased by this mode of the solidification. Furthermore, melting and solidification can occur in a selected region if heating input to the specimen is controlled. It means that apart from the enhancing the magnetization the aligned structure can be also produced in the selected regions by the above technique. In the case of the BiMn compound with the large magnetic anisotropy energy, 5) the selected region with the alignment due to the magnetic anisotropy energy can act (a) (b) as micromagnets if sufficiently high coercive force is obtained. Therefore, micromagnetic devices can be fabricated by proper layout of the aligned regions in the rapidly solidified specimen, using the above techniques. Figure 5 (a) shows the microstructure of the laser-irradiated region under 10 T (Laser beam: 1 mm in diameter). Power of the incident laser and the irradiation time were 30 W and 5 s, respectively. The laser affected region in which change of the microstructure was observed roughly coincided with the irradiated region. Typical grain size in the irradiated region was approximately 20 mm. Figure 5(b) shows the MFM image which was obtained within 24 h after the semi-solid casting by the laser melting under the magnetic field. The bright area in the MFM image approximately corresponded to each BiMn grain and no contrast due to the magnetic domain was observed in each BiMn grain. The leakage magnetic flux from the BiMn grains indicated that the semisolid casting using the laser melting under the magnetic field achieved the c-axis alignment of the BiMn grains in the selected region (1 mm in diameter). The aligned BiMn grains in the selected region will exhibit the similar magnetic properties to that produced by the semi-solid casting as shown in Fig. 4(b) , since the residual magnetization of the BiMn grains was clearly observed in the MFM. Figure 6 shows experimental results when the laser (irradiated region: 10 mm in diameter, maximum laser power: 1 W) was used for the semi-solid casting by the laser melting under a magnetic field of 10 T. In the case of Fig. 6(a) , the BiMn grains with diameters of 1-2 mm were distributed in the selectively solidified region. As shown in Fig. 6(b) , the leakage magnetic flux from the BiMn grains was detected in the selectively solidified region. In some cases (Fig. 6(c) ), the irradiated region was covered with only few BiMn grains, and porosities due to solidification shrinkage were often observed around the BiMn grains. In Fig. 6(c) , the porosities are indicated by arrows. The morphology implies that fraction of the liquid phase increased because of higher temperature in the irradiated region during the laser irradiation and consequently the BiMn grain can grow into the melt. The MFM image (Fig. 6(d) ) shows the leakage magnetic flux on the coarse BiMn grains in the irradiated region. Pairs of the bright and the dark regions in the MFM were observed at the BiMn grains, since the magnetic domains were created in the BiMn grain after the laser irradiation. For the coarse BiMn grains as shown in Fig. 6(c) , the magnetic domains were often created when the castings were left at room temperature for a week.
The experimental result proves that the semi-solid casting by the laser melting under a magnetic field can produce the aligned structure of the BiMn compound in the selected region. In the present study, the size of the selected region was reduced to 10 mm in diameter. Since heat input at the irradiated region significantly depends on the surface condition, and the heat transfer in the specimen is affected by the microstructure, namely grain size and the location in the grains, optimization of the laser power and the irradiation Alignment of BiMn Crystal Orientation in Bi-20 at%Mn alloys by Laser Melting under a Magnetic Fieldtime was needed for every experiment to produce the aligned structure in the selected region. Further efforts on the preparation of the surface and the microstructure in the rapidly solidified specimen is required to improve the semisolid casting technique by the laser melting under a magnetic field.
Conclusions
The alignment of the BiMn grains due to the magnetic anisotropy energy was achieved by both the conventional casting procedure and the semi-solid casting procedure, in which the rapidly solidified alloy is used as a starting material, under the magnetic field of 4 T. However, higher coercive force was observed in the specimen produced by the semi-solid casting procedure than the conventional casting procedure. Thus, the semi-solid casting had an advantage to produce the alignment of the BiMn grains with higher coercive force.
The semi-solid casting technique by the laser melting under a magnetic field achieved the alignment of the BiMn grains due to the magnetic anisotropy energy in the selective region. The size of the selected region with the alignment was reduced 10 mm in diameter by using the focused laser beam. The study shows the potential of the semi-solid casting technique by the laser melting under a magnetic field to produce the micromagnetic devices.
